Lipid droplets are unique and nearly ubiquitous organelles that store neutral lipids in a 3 hydrophobic core, surrounded by a monolayer of phospholipids. The primary neutral 4 lipids are triacylglycerols and steryl esters. It is not known whether other classes of 5 neutral lipids can form lipid droplets by themselves. Here we show that production of 6 retinyl esters by lecithin:retinol acyl transferase (LRAT) in yeast cells, incapable of 7 producing triacylglycerols and steryl esters, causes the formation of lipid droplets. By 8 electron microscopy, these lipid droplets are morphologically indistinguishable from 9 those in wild-type cells. In silico and in vitro experiments confirmed the propensity of 10 retinyl esters to segregate from membranes and to form lipid droplets. The hydrophobic 11 N-terminus of LRAT displays preferential interactions with retinyl esters in membranes 12 and promotes the formation of large retinyl ester-containing lipid droplets in mammalian 13 cells. Our combined data indicate that the molecular design of LRAT is optimally suited 14 to allow the formation of characteristic large lipid droplets in retinyl ester-storing cells. 15 16 Keywords 17 18 LRAT; vitamin A; retinol; retinyl ester; retinoids; lipid droplets; lipid droplet size; 19 nucleation; lipid:protein interaction; hepatic stellate cells; liver 20 3 61 the autophagic pathway in HSC activation (Hernandez-Gea and Friedman, 2011; Thoen et 62 al., 2011). 63 64 Surprisingly, inhibition of DGAT1 does not affect the dynamics of the preexisting LDs 65 nor does it affect the synthesis of retinyl esters in isolated primary HSCs (Ajat et al., 2017; 66 4 Tuohetahuntila et al., 2016). However, HSCs contain a specialized enzyme called 67 lecithin:retinol acyltransferase (LRAT) that catalyzes a trans-esterification reaction 68 between the sn-1 position of phosphatidylcholine (PC) and all-trans-retinol to form 69
Introduction
Lipid droplets (LDs) form a ubiquitous class of organelles, best known for their role as 23 storage of neutral lipids for a multitude of functions such as creating an energy reservoir, 24 a source for building blocks, protection against lipotoxicity, a role in cell cycle, and 25 storage of signaling lipids (Hashemi and Goodman, 2015; Pol et al., 2014; Thiam and 26 Beller, 2017; Walther and Farese, 2012) . However, LDs also play important roles in lipid 27 metabolism and homeostasis. Dysfunction of LD synthesis has been linked to a range of 28 diseases. The physiological role of LDs thus appears significantly larger than considered 29 previously (Krahmer et al., 2013; Welte, 2015) . 30 LDs have a unique organellar architecture with a lipid monolayer surrounding a 31 hydrophobic core that consists of neutral lipids. A number of specific proteins associate 32 with LDs regulating organelle and lipid dynamics. Recent advances have started to shed 33 light on the mechanism of LD biogenesis. In the most prevalent view, LD formation is 34 primarily driven by triacylglycerol (TAG) synthesis at the endoplasmic reticulum (ER). 35 TAG accumulates at the interphase of the ER bilayer, until a critical demixing 36 concentration is reached and phase separation occurs, leading to lens formation and 37 membrane deformation (Thiam and Forêt, 2016; Walther et al., 2017) . During this 38 process of nucleation, neutral lipids coalesce to form lenses between the two leaflets of 39 the membrane bilayer. Indeed, lenses of about 50nm have been observed in the ER upon 40 induction of LD formation in yeast (Choudhary et al., 2015) . As neutral lipid synthesis 41 continues, nascent LDs may bud from the endoplasmic reticulum. Although this process 42 may not require proteins other than TAG synthesizing enzymes such as DGAT 1/2 and 43 ACSL3 (Kassan et al., 2013; Pol et al., 2014; Thiam and Forêt, 2016; Walther et al., 44 2017), several proteins and lipids have been identified in the regulation of LD number 45 and size as well as LD dynamics. 46 47 The abundant presence of large LDs is a hallmark of hepatic stellate cells (HSCs) in 48 normal liver. HSCs are specialized in the storage of retinol (vitamin A) as retinyl esters, 49 giving the LDs their characteristic autofluorescent properties. After liver injury, the fine 50 structure of HSCs changes considerably. They lose their characteristic LDs and 51 transdifferentiate into myofibroblasts, in preparation to secrete collagen (Blaner et al., 52 2009; Friedman, 2008) . Lipidomic analysis revealed complex dynamics of disappearance 53 of different classes of neutral lipids during HSC activation (Testerink et al., 2012) . Recent 54 research shows the presence of two different types of LDs, so-called preexisting "original" 55 LDs with relatively slow turnover and rapidly "recycling" LDs that transiently appear 56 during activation of HSCs (Ajat et al., 2017; Molenaar et al., 2017; Tuohetahuntila et al., 57 2016) . Whereas synthesis and breakdown of TAGs in rapidly recycling LDs is mediated 58 by DGAT1 and ATGL (Tuohetahuntila et al., 2016) , less is known about the turnover of 59 preexisting LDs. Lysosomes play an important role in the degradation of these LDs 60 (Tuohetahuntila et al., 2017) and this is likely to be related to the observed importance of decreases (Blaner et al., 2009; Kluwe et al., 2011) (Fig. 1E ). We previously presented 85 evidence for neutral lipid dynamics during HSC activation that is consistent with the 86 existence of two different pools of LDs (Molenaar et al., 2017; Tuohetahuntila et al., 87 2017). To visualize these two different pools, we made use of the autofluorescent 88 properties of retinyl esters in preexisting "original" LDs that are a hallmark of quiescent 89 HSCs (Ajat et al., 2017; Friedman, 2008) . After fixation of freshly isolated HSCs, retinyl 90 esters (UV autofluorescence) and LDs (LD540) were imaged by confocal microscopy. We 91 observed two distinct populations of LDs: large UV + LD540 + structures containing high 92 amounts of REs and UV -LD540 + structures -depleted from REs -with smaller diameters 93 ( Fig. 1F ). These observations are also in good agreement with our recent findings that 94 LDs in LRAT -/-HSCs were significantly smaller as compared to LDs from wild-type cells 95 (Ajat et al., 2017) . Together, these data suggest a role for LRAT in the formation of 96 distinct vitamin A-containing LDs that are a hallmark of hepatic stellate cells (HSCs).
98
To understand the role of LRAT in LD biology, we stably transfected CHO-k1 cells with 99 a plasmid carrying LRAT-GFP. Lipidomic analysis of CHO cells expressing LRAT 100 showed that retinyl ester synthesis was observed only after addition of retinol (ROH) as 101 substrate to the medium ( Fig. 1G (UV + LDs) and Suppl. Fig. 1A ) and revealed the 102 presence of predominantly saturated (16:0 and 18:0) and mono-unsaturated (18:1) fatty 103 acids (Suppl. Fig. 1A ). This composition reflects the catalytic activity of LRAT, using 104 fatty acids at the sn-1 moiety of PC for esterification (Golczak et al., 2012; MacDonald 105 and Ong, 1988) . CHO cells do not contain detectable amounts of enzymatic activity of 106 LRAT (Suppl. Fig. 1B ) and in the absence of LRAT they can synthesize retinyl esters 107 using a different mechanism involving DGAT1 (Ajat et al., 2017; Orland et al., 2005) . 108 This reaction occurs with much lower efficiency and results in a different species profile 109 of retinyl esters (Suppl. Fig. 1C ). Inhibition of DGAT1 activity in CHO-k1 cells 110 expressing LRAT-GFP showed no inhibition of retinyl ester synthesis, which confirms 111 that LRAT is the primary retinyl ester synthesizing enzyme (Suppl. Fig. 1D ). Both 112 CHO-k1 cells expressing GFP or LRAT-GFP showed increased LD540 fluorescence after 113 incubation with oleic acid (OA). However, only LRAT-GFP expressing cells showed an 114 increase in LDs after incubation with ROH, confirming the ability of LRAT to esterify 115 ROH ( Fig. 1G ). Furthermore, these LDs exhibited UV-autofluorescence and were larger 116 in diameter as compared to OA-stimulated LDs, which in turn were not autofluorescent 117 ( Fig. 1H ). Similar results were obtained after transfection of human HSC-derived cell line 118 LX-2 with LRAT (Suppl. Fig. 2 ). To exclude the possibility that the observed large 119 UV + LDs were in fact clusters of small LDs that could not be distinguished due to the 120 limited resolution of conventional confocal microscopy, we also imaged both conditions 121 6 by super resolution microscopy (3D structured illumination microscopy, 3D-SIM). Using 122 SIM, we observed both small and large sized LDs in LRAT-dependent LD-synthesis and 123 with a clustered appearance ( Fig. 1I ). In the presence of OA, the LDs displayed a more 124 homogeneous size-distribution of relative small LDs and a 'dispersed' localization 125 through the cell (Fig. 1I , Suppl. Video 1-2).
127
LRAT-mediated LD formation is independent of TAG synthesis. 128 TAG synthesis is a driving force in LD biogenesis. The last step in TAG synthesis is 129 performed by DGAT1 or DGAT2, enzymes that transfer activated fatty acids to 130 diacylglycerol. Fatty acid activation is performed by acyl-CoA synthetases and their 131 knockdown or pharmaceutical inhibition after OA-stimulation led to a decreased number 132 of (pre-)LDs (Kassan et al., 2013) . Acyl-CoA is, however, not involved in the 133 transesterification reaction of a fatty acid from PC to ROH by LRAT to generate retinyl 134 esters. To determine whether LRAT requires TAG synthesis for retinyl ester synthesis and 135 formation of RE-containing LDs, we pre-incubated LRAT-GFP expressing cells under 136 low serum conditions overnight and subsequently incubated the cells in the presence of 137 triacsin C, a drug that inhibits acyl-CoA synthesizing activities (Igal et al., 1997) . In the 138 presence of triacsin C, the number of LDs was strongly reduced, both in the presence and 139 absence of OA ( Fig. 2A ). In the presence of ROH, however, formation of large LDs was 140 still observed. These results confirm that LRAT does not depend on the presence of 141 acyl-CoA and supports the possibility that LD-formation via LRAT has a distinct 142 mechanism that is independent of TAG (DGAT/ACSL-mediated) LD formation. 143 144 Some LDs could still be observed in cells treated with triacsin C and therefore we could 145 not exclude the possibility that, rather than TAG synthesis, TAG-filled LDs are required 146 for RE-containing LD formation. Therefore, we made use of another model system, a 147 Saccharomyces cerevisiae mutant strain that lacks the four enzymes responsible for the 148 last steps in triglyceride -Lro1 and Dga1 -and steryl ester (SE) -Are1 and Are2 -149 synthesis. This mutant strain is viable, but does not contain LDs (Sandager et al., 2002) . Fig. 3A and B ). These simulations imply that RP has a lower propensity to self-aggregate, 198 and hence has a higher nucleation barrier as compared to TOG. 199 Methods to directly measure the nucleation barrier (or 'critical nucleation volume') do 200 not exist, but in a setting with the same PL-composition, the monolayer surface tension 201 will be a driving force that affects nucleation (Ben M'barek et al., 2017; Deslandes et al. 202 2017; Thiam and Forêt, 2016). The deformation and budding of a LD monolayer is 203 controlled in part by the monolayer bending rigidity and surface tension -the monolayer 204 bending rigidity will tend to flatten a lens, thereby re-dispersing neutral lipid molecules in 205 the bilayer, while its surface tension will tend to make a lens spherical. However, at a 206 characteristic size, surface tension will essentially control the monolayer deformation. 207 This size will be larger for a lower monolayer surface tension: lower monolayer tensions 208 will likely result in larger 'critical nucleation volumes' or higher nucleation barriers (Ben 209 M'barek et al., 2017; Chorlay and Thiam, 2018; Deslandes et al., 2017; Thiam and Forêt, 210 2016). We measured the tension of artificial LD containing either RP or TOG and, in line 211 with our MD simulations, tensions were considerably lower in droplets made of RP as 212 compared to their TOG counterparts (Table 1) . Moreover, droplets surrounded by DOPC 213 8 with maximum phospholipid packing showed the same trend. These measurements 214 suggest that RP droplets have higher nucleation barriers, in agreement with the results 215 obtained by CG-MD. 216 The efficiency of the subsequent budding process of RE-containing LDs can be studied 217 by determination of budding angles in droplet-embedded vesicles or droplet interface 218 bilayers (DIBs) containing neutral lipids (Ben M'barek et al., 2017; Chorlay and Thiam, 219 2018). By using the DIB system, we compared the budding angles of RP-containing lipid 220 phase with reported values of TAG-LDs (Fig. 3C,D) . The budding angles of RP + droplets 221 with PC and PE monolayers did not differ from reported values of their TOG + 222 counterparts ( Fig. 3D) ; angles in the case of PA were only slightly higher. These data 223 suggest that RP forms spontaneously LDs as efficiently as TG. In PC tensionless 224 membranes, smaller RP-LD diameters would be thus expected, based on the budding 225 angles, but the delay in nucleation might introduce an increase in the droplet size. This is, 226 however, not observed in yeast cells (Fig. 2C ). Thus, other factors must contribute to the 227 characteristic large size of retinyl ester-containing LDs. Methods for details). Total LD volume (representative for total neutral lipid content) was 250 calculated from these parameters. Using this approach, we were able to select ("gate") 251 cells with similar total LD volume and thus neutral lipid content per cell ( Fig. 4E ). We (Fig. 5B, bottom panel) , confirming the role of packing defects in membrane 287 binding (Prévost et al., 2018) . For LRAT-Nt, however, we did not observe a difference in 288 the kinetics of membrane binding between the two model systems (Fig. 5B , top panel; 289 median of about 60 nsec). Interestingly, the results also showed that LRAT-Nt AH docked 290 deeper into the bilayer than the CCT-α P2 AH ( Fig. 5C ), suggesting that LRAT-Nt has the 291 potential to directly interact with neutral lipids, whereas CCT-α P2 AH binds only to 292 phospholipids.
294
To investigate a potential interaction of the N-terminal peptide with neutral lipids, we 295 extended the MD setup to a series of POPC membranes containing 10% neutral lipids in 296 different ratios RP:TOG, and in the presence of LRAT-Nt. The simulations showed that 297 LRAT-Nt typically co-localized with neutral lipids (Fig. 6A) . Inspection of the 298 localization of LRAT-Nt with respect to the membrane profile ( Fig. 6B; Suppl. Fig. 6A ) 299 confirmed that the peptide is docked deep into the membrane. Surprisingly, LRAT-Nt is 300 docked deeper into the membrane when the neutral lipids consist predominantly of RP as 301 opposed to TOG (Fig. 6B ). This is only partly explained by the thicker membrane 302 resulting from the more complete lens formation at higher TOG ratios. 303 Initial inspection of the localization of TOGs and RPs within the lens revealed an 304 asymmetric distribution of the neutral lipid mixture with RPs in closer proximity to the 305 10 LRAT-Nt peptide (Suppl. Fig. 6B ). Assessment of the interaction energies between the 306 LRAT-Nt helix and both RP and TOG confirmed that the helix has stronger interactions 307 with RP than it has with TOG ( Fig. 6C ). This specific affinity of LRAT-Nt for REs could 308 affect lens and/or LD formation by REs, for example by facilitating the formation of RP 309 containing lenses by decreasing the nucleation energy barrier. This should then be 310 reflected in an enhanced nucleation rate. To study such an influence on lens formation, 311 we performed several series of MD simulations. However, under none of these conditions 312 LRAT-Nt significantly enhanced the rate of lens formation (data not shown). 315 To study the affinity of the LRAT N-terminus to RP in vitro, we synthesized the LRAT-Nt 316 peptide and assessed its recruitment to RP vs. TOG interface. Oil-in-water droplets were 317 formed and the peptide was added (Fig. 7A) . Recruitment of the peptide to the droplet 318 interface will decrease the interfacial surface tension (Fig. 7A) (Ajjaji et al., 2019; Small, 319 Wang, & Mitsche, 2009), which happened for both RP and TOG (Fig. 7B ). Tension 320 reached an equilibrium value which corresponds to the maximum of adsorbed peptides 321 (9.2 mN/m for TOG, and 6.1 mN/m for RP). The peptide recruitment level is determined 322 by the neutral lipid affinity for LRAT-Nt. To further investigate this, we performed a rapid 323 compression experiment whereby, at the equilibrium interfacial tension, the droplet 324 interface was reduced by decreasing its volume (Fig. 7C,D, Based on biophysical properties of retinyl esters, we show that the spontaneous 351 nucleation of retinyl ester-generated LDs is somewhat less efficient as compared to TAGs. 352 Indeed, molecular dynamic simulations ( Fig. 3 A,B) of LRAT in yeast cells that lack the machinery to synthesize TAG/SE-filled LDs (Fig. 2) . (Blaner et al., 2009; Blomhoff et al., 1991; 364 Friedman, 2008; Gottesman et al., 2001; Ross and Zolfaghari, 2004) . LRAT expression is 365 the highest in quiescent HSCs (Fig. 1E) LD size is specific for retinyl ester-mediated LD formation: despite its presence in 393 CHO-k1 LRAT-GFP cells, it does not affect the size of TAG filled LDs (Fig. 4) . 394 Since the N-terminus of LRAT does not seem to affect the rate of LD formation, it could 395 change the thermodynamic equilibrium and decreases the nucleation concentration. As a 396 result, it would then also dictate where LD formation occurs. However, we did not 397 observe a colocalization of LRAT with nascent LDs (data not shown). Therefore, we 398 consider it more likely that the observed specific affinity of the LRAT N-terminus for 399 retinyl esters is likely to play an important role in affecting LD size, for example by 400 changing the membrane topology of LRAT. LRAT is anchored to the ER membrane by a 401 single transmembrane spanning domain at the C-terminus and with the catalytic domain 402 and the N-terminus oriented towards the cytoplasm (Moise et al., 2007) . The production 403 of retinyl esters results in a strongly enhanced membrane binding of the N-terminus as 404 illustrated by the deeper embedding of the N-terminus in the membrane, combined with 405 the specific interaction with retinyl esters. Indeed, in the absence of the N-terminus, 406 LRAT maintains retinyl ester production but fails to generate large LDs. In addition to a 407 direct interaction with retinyl esters, it can however not be excluded that the N-terminus 408 of LRAT also affects lipid droplet size by interfering with other mechanisms such as 409 lipolysis and/or lipogenesis. 410 In summary, the molecular design of LRAT is well suited to store retinyl esters in LDs. Retinol handling 463 Retinol (Sigma) was dissolved in ethanol (30 mM) and stored in 50 μL aliquots at -80 o C. 464 We routinely measured UV absorption spectra of retinol stocks before use and calculated 465 the current stock concentration by making use of the molar extinction coefficient of 466 retinol in EtOH (52,480 mol L -1 cm -1 at 325 nm) (Ross AC, 1981) . In addition, we made 467 use of the observation that after exposure to UV-light, a peak around 240 nm emerged, 468 accompanied with a decrease around 325 nm. We routinely monitored E325/E240 ratios and 469 used exclusively stocks with a ratio of 5 or higher, which was estimated to correspond 470 with a retinol integrity of about 70%.
314

N-terminus of LRAT exhibits affinity for retinyl esters in vitro
472
Generation of stable cell lines 473 Human LRAT cDNA was synthesized and cloned into a pcDNA3.1(+) vector (Clontech, 474 Palo Alto, California, USA) by a third party (GeneArt, Thermo Fisher Scientific, 475 Waltham, MA, USA). In addition, the LRAT sequence was cloned into a pEGFP-N2 Max-RP 80A column (4 μm particle size, Phenomenex, CO, USA) with a flow rate of 569 350 μL min -1 . To this end, a gradient (solvent A; acetonitrile:water (95:5), solvent B; 570 acetone:chloroform (85:15), 0 min; 90% A, 5 min; 40% A, 17 min; 0% A, 19 min; 90% A, 571 25 min; 90% A) was generated by a Flexar UHPLC system (Perkin Elmer, Waltham, MA, 572 USA). The column outlet was connected to a triple quadrupole mass spectrometry (API 573 4000 QTRAP, MDS Sciex/Applied Biosystems, Foster City, Canada) with an atmospheric 574 pressure chemical ionization (APCI) ionization source (set to 500°C). Multiple reaction 575 monitoring (MRM) in positive ion mode was used to detect retinyl ester species with 576 settings and m/z transitions as described before (Ajat et al., 2017) . Chromatographic 577 17 peaks were integrated and quantified using Analyst software version 1.4.3 (Applied 578 Biosystems, Foster City, Canada). 579 To measure other neutral lipids (sterols, triacylglycerols, steryl esters), samples were 580 injected and separated on a Kinetex/HALO C8 column (2.6 μm, 150 × 3.00 mm; 581 Phenomenex, Torrance, CA, USA). A gradient of methanol:H2O (5:5 v/v, solvent A) and 582 methanol:isopropanol (8:2 v/v, solvent B) was generated by an Infinity II 1290 UPLC 583 (Agilent, Santa Clara, CA, USA) and with a constant flow rate of 600 μL min -1 (0 min; 584 100% A, 2 min; 0% A, 8 min; 0% A, 8.5 min; 100% A, 10 min; 100% A). Lipids were 585 measured using APCI in positive mode coupled to an Orbitrap Fusion mass spectrometer 586 (Thermo Scientific, Waltham, MA, USA). Vendor data files were converted to 587 mzML-format with msConvert (part of ProteoWizard v3.0.913) and processed with 588 XCMS Online v3.7.0 (Tautenhahn et al., 2012) .
590
Growth and fluorescence microscopy of yeast 591 Yeast strains and plasmids used in this study are described in Supplemental Table 1 . Yeast 592 were grown at 30 o C in synthetic complete media containing 0.67% yeast nitrogen base 593 without amino acids (United States Biological), 2% glucose, and an amino acid mix 594 (United States Biological). Retinol (Sigma-Aldrich) was added to the medium at 4 mM 595 together with 1% Igepal CA-630 (Sigma-Aldrich). Cells were stained with 0.5 μg/ml 596 BODIPY 493/503 (Invitrogen) for 10 min and being washed once with phosphate 597 buffered saline. 598 Yeast were imaged at 30°C in an Environmental Chamber with a DeltaVision Spectris 599 (Applied Precision Ltd.) comprising a wide-field inverted epifluorescence microscope 600 (IX70; Olympus), a 100 Å~NA 1.4 oil immersion objective (UPlanSAPO; Olympus), 601 and a charge-coupled device Cool-Snap HQ camera (Photometrics).
603
Western blot analysis 604 Cells expressing LRAT-GFP and ΔN-LRAT-GFP were growth to logarithmic growth 605 phase and 10 OD600 units of cells were washed once with H20 and lysed with glass beads 606 in a Precellys 24 homogenizer (Bertin Instruments). The lysate was cleared by 607 centrifugation at 500 x g for 10 minutes at 4 o C. The protein concentration of the lysate 608 was determined using a Bradford assay (Thermo Scientific) and 10 μg of protein were 609 separated by 4-12% of SDS-PAGE gel (Invitrogen), and transferred to nitrocellulose 610 membranes at 120 V for 2 h. The membrane was analyzed using primary antibodies to 611 GFP (1:1,000; Roche) and anti-porin (1:1,000; Invitrogen). Proteins were visualized using 612 IRDye secondary anti-mouse antibody (Li-COR Biosciences; 1:10,000). The blots were 613 visualized with an Odyssey infrared imaging system (Li-COR Biosciences). 614 615
